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Abstract 

A novel method is proposed to determine the carrier-envelope phase (CEP) of a relativistic few- 
cycle laser pulse via the central frequency of the isolated light generated from Thomson backscatter- 
ing (TBS). We theoretically investigate the generation of a uniform flying mirror when a few-cycle 
drive pulse with relativistic intensity (/ > lO^^W/cm^) interacts with a target combined with a 
thin and a thick foil. The central frequency of the isolated TBS light generated from the flying 
mirror shows a sensitive dependence on the CEP of the drive pulse. The obtained results are 
verified by one dimensional particle in cell (ID-PIC) simulations. 

PACS numbers: 52.38.Ph, 41.75.Jv, 52.59.Ye, 42.30.Rx 
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The developments of laser technology provide the possibility to create both the ultrashort 
and the ultraintense laser sources. Progress in ultrafast laser technology has made it possible 
to produce laser pulses with only a few cycles in duration which gives a way to attosecond 
physics and high-order harmonic generation Meanwhile, the availability of superintense 
laser pulses opens a window to the physical phenomena occurring in the relativistic and 
ultra-relativistic domain sl- With the broad bandwidth material-Ti: sapphire, even few- 
cycles pulse with peak intensities exceeding 1 TW/cm^ and duration of 10 fs or shorter 
are produced j4|. The focusing of the few-cycle pulse can reach 10^®W/cm^ relativistic 
intensity on the target , which is suitable for laser wakefield acceleration regime to generate 
monoenergetic electrons ^ as well as for high harmonic generation on plasma surfaces 
and gas jets. For relativistic few-cycle laser, carrier-envelop phase (CEP) measurements are 
still envisaged for CEP stabilization that will be necessary to generate single attosecond 
bursts. 

The electric field of a laser pulse can be written as E (t) = Eq (t) cos {ujlt + 0), with EQjt) 
being the pulse envelope, ul being the frequency of the carrier wave, and being the CEP |8|. 
The CEP (j) is defined as the offset between the optical phase and the maximum of the wave 
envelope of an optical pulse. The CEP may affect many processes involving instantaneous 
laser-matter interaction. On one hand, for few-cycle pulses, it has been proved that the 
electric field as a function of time depends on the CEP, although the envelope is the same 
for all pulses. The CEP effects of ultrashort laser pulses are widely investigated from the 
non-ionizing optics regime to the ionizing intensity regime 10|, even to the relativistic 
regim e On the other hand, with a method for measuring the CEP of a many-cycle 



pulse ij, CEP effects by intense multi-cycle pulses are experimentally observed 13|. 

So far, a method known as stereo above threshold ionization (ATI) has been demonstrated 
experiment ally to determine the CEP of few-cycle pulses with intensities up to / = 10^^ — 
lO^^W/cm^ IJ], at a precision of about vr/SOO 15|. Other methods of measuring the CEP are 
possible through an attosecond photon probe [16(] and detection of THz emission generated 
in a plasma [TTI]. However, these methods are not available for laser pulses of intensities 
above / = lO^^W/cm^, when relativistic effects become increasingly important. Recently, a 
quantum method is proposed to determine the CEP of ultra-relativistic intensity by detecting 
the angular emission range via multiphoton Compton scattering 18|], which is available 
when the intensity / > 10^°W/cm^. This Letter reports the CEP of a relativistic intense 



(/ > lO^^W/cm^) few-cycle laser pulse can be determined by detecting the spectroscopy of 
the isolated Thomson Backscattering (TBS) pulse, which is testified by an analytical model 
and particle in cell simulations. 

The corresponding configuration is sketched in Fig. [I](b). In this scheme, an intense few- 
cycle pulse irradiates a target combined with an ultra-thin (nm) foil and a thick and dense 
foil (the separation between these two foils is Xr)- The electrons of the ultra-thin foil driven 
by the intense pulse play the role of a flying mirror. The thick foil behind will reflect the drive 
pulse and let only the flying mirror pass through. The flying mirror flies with a relativistic 
factor 7^ = 1 y/ a/1 — (3^, with f3x = v^/c being the velocity of the plane flyer in the normal 
direction. A counter propagating probe light is then mirrored and frequency upshifted by 



the relativistic Doppler factor, which is (1 + Px)/{^ — Pxl 



for 7^. > 1 
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The 



211 ]. can be used to determine the 



spectrum of the TBS light, achievable in experiments 
CEP of the drive pulse. 

For simple understanding, we start with only the ultra-thin foil irradiated by an intense 
few-cycle laser pulse [see the left part of Fig . H a)]. The electrons gain high 7 values and 



the heavy ions are left behind unmoved 
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23[ when the charge separation field is much 



smaller than the amplitude of the laser field Elq. The charge separation field depends 
on the area charge density ctq = enodo, where no and do are the plasma density and the 
foil thickness, respectively. In our analytical model, all equations are presented in the 
nature unit. The normalized quantities are obtained from their counterparts in SI units 
marked with prime, i.e., time and length are normalized according to t = uit' and / = kil', 
field E = eE' / {mcjjj l) , vector potential a = eA'/{mc), density n = n'/ric and momentum 
p = p' /mc, where e and m are the charge and the mass of the electron, ul and are the 
laser frequency and the wave number, c is the speed of light in vacuum and ric = eomul/e'^ 
is the electron critical density. We use a linearly polarized {Ez = 0) pulse with a sine square 
envelop as the drive pulse 



Ey = EyQ sin^ {tit /T) cos (r + 



(1) 



with the propagating coordinate t = t — x and the peak of envelope EyQ. The dynamics are 



described by the equations 
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FIG. 1. (Color online) (a) Schematic showing TBS of a weak probe pulse by a flying mirror surfing 
on a relativistic few-cycle pulse. The scattered pulse is strongly chirped due to the acceleration of 
the electron layer, (b) Configuration of the CEP measurement with the TBS light. The drive pulse 
accelerates the flying mirror and is reflected by the reflect foil, without energy consumed. After 
the relativistic flying mirror flies to the rear side of the reflect foil, a counter propagating probe ujq 
light is then mirrored and frequency upshifted to a; = f{(p)u}L, which highly depends on the CEP 
of the drive pulse. 
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(3) 



Here the terms in the square brackets denote the self-fields of the electron layer, and Ey is 
the instantaneous laser field when the electron layer surfing in the laser pulse. Analytically, 
= 1 — Vx and Py can be obtained by integrating Eqs. (E]) and ([3]) over the duration [0, r]. 
With 7^ = 1 + + p^, one can find that the energy of the fiying mirror 7 is 



Although the self-radiation and the charge separation field are taken into account in this 
model, the dominating force is still from the drive pulse. When the charge surface density 
o"o is considerably small compared with the laser field -Elo? the analytical model will regress 
to single electron model k — )■ 1 and the energy gain of electron layer is proportional to the 
square of instantaneous vector potential of the drive pulse 



where g (r) is a function of r. Equation (|5]) shows the energy gain of the fiying mirror (A7) 
varies periodically with the CEP of the drive pulse. In other words, a shift of tt in the CEP 
would induce the same results. It shows the energy of the fiying mirror is mainly dependent 
on the temporally varied vector potential a^, and carries the detailed information of the 
drive pulse. Through a proper process to obtain the energy of the fiying mirror (TBS shown 
later), we can extract the CEP of the laser pulse. 

We consider a relativistically intense laser field with a peak amplitude of Ey^ = 3.5, 
corresponding to an intensity of / = 2.6 x lO^^W/cm^ for A^^ = 800nm, with pulse duration 
T = 2tl, where Xl and tl are laser wavelength and period. The numerical results from 
our analytical model are plotted in Fig. |2j Figures |2]^a) and (b) show that the temporal 
variation of the electric field and the vector potential depend on the CEP. The energy of the 
fiying mirror during the few-cycle laser field with different CE phases are shown in Figs. Wic) 
and (d). Figure [2]^c) exhibits how the energy of the flying mirror evolves along the laser 
propagation x. It is shown that the peak value of 7 depends on the CEP of the relativistically 
intense laser. The maximal energy of flying mirror can be almost doubled by choosing the 
CEP properly, e.g., 'jmax = 6.7 when = (solid curve), while 'jmax = 11-8 when = n/2 



(4) 



(A7)+=p^/2^ (r,0)rfr]y 2 



(5) 



= al (r, 0)/2 (X cos [2(t) + g{r)], 
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(dotted curve). If we detect the energy at a fixed position xq, it varies periodically with 
the CEP of the drive laser pulse. A similar trend appears in the dependence of the electron 
layer energy on time t, as shown in Fig. Wid). 

Bright VUV- or X-ray source can be obtained by TBS from the relativistic flying mirror. 
It has been demonstrated that the TBS light from a flying mirror is chirped and has a broad 
spectrum 
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25| . sketched in Fig. HJ^a), which makes it difficult to find a central frequency 
in the spectrum of the TBS light. However, this can be overcome by setting a thick foil as 
a reflector behind the ultra-thin foil with a distance Xr [see Fig. [U^b)], which is a practical 



way to generate a uniform flying mirror 
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26| . After the flying mirror emerges from the 



reflect foil and divorces from the drive laser, its energy 7 becomes a constant and depends 
on the CEP of the pulse [see Fig. [3]^a)]. The solid (blue), dashed (green) and dotted (red) 
curves correspond to Xr = X, Xr = 1.6A and Xr = 2.5A, respectively. The same with the 
analytical prediction from Eq. ([5]), 7 is a periodic function of the CEP with a period of vr. 

When a probe light irradiates this flying mirror, the frequency of the probe pulse is 
upshifted by a fixed factor w^/wl = 47^, and an isolated pulse with a narrow spectrum 
is generated. We verify the results by ID-PIC simulations j^^]. The foil parameters in 



the simulations are the same as those in Ref. [25|], i.e., density no/ric = 1 and thickness 
do/^L = 0.001 for the ultra-thin foil, and ni/uc = 400 and di/Xi = 0.1 for the reflect foil. 
The simulation results of the TBS light spectra with different CE phases of the drive pulse 
are shown in Fig. Et^b) when Xr = A. We choose (p = 0, (p = 7r/4, (p = 7r/2 and (p = Sn/A for 
examples. As a result of the dependence of the flying mirror energy on the CEP, the central 
frequency of the spectrum is sensitive to the CEP, e.g., varying from ~ IASul at = to 
~ 357ujl at = 7r/2. The central frequency of the TBS light as a periodic function of the 
CEP predicted by the analytic model is shown in Fig. ^c). 

It should be noticed that the reflected intense light would interact with the flying mirror 
and cause an energy loss (A7)~ ^ 1/2, although the interaction is extremely short as 
compared with the acceleration during the co-moving process with the drive pulse for a long 
time 20|. After the flying mirror goes through the reflector, its transverse momentum is 



canceled Py = 0, and a very uniform relativistic flying mirror [with the energy 73, = 7— (A7} 



is obtained, while the relative energy loss via Coulomb coUsion is found to be negligible 25 |. 
Taking the CEP of the drive laser into consideration, 7a: depends periodically on the CEP 
(p, illustrated by the right axis in Fig. ^c). Obeying the relation oor/uji = 47^, the central 



frequency also exhibits periodicity on the CEP. The analytical predictions agree well with 
the simulation results. 

Due to the period of vr we will get two possible phases with one measurement, e.g. Ur = 
200a;L while (pi = 0.277r and 02 = 0.947r {xr = A). By introducing a second measurement, 
this restriction can be removed and the CEP can be determined in the range of vr. The 
simulations show when the drive pulse is highly reflected with a limited energy loss [shown 
in Fig. El^d)], the drive pulse can be transmitted to another double-foil target again with 
a different distance Xr- For example, if the first measurement gives u}.^'^ = 2000;^, for the 
second measurement with Xr = 2.5 A, the CEP is determined to be 0.277r when second 
measurement gives w^"'^ = 2970;^, or 0.947r when u'^^'^ = IISwl. Moreover, the central 
frequency is very sensitive to the CEP. For example, around the point ( 0.27%] , , 200lol\^ ) , 



a difference of Iul in the detectable central frequency introduces a phase shift of 8 x 10 ^vr 
in the CEP. 

In summary, the evolution of a flying mirror driven by a relativistic, few-cycle pulse 
(/ = 2.6 X lO^^W/cm^ and T ^ 5.3 fs at A = 0.8 fim) from an ultra-thin foil is investigated 
theoretically. With the help of a reflect foil, a TBS light pulse with narrow spectrum is 
obtained when a probe light is reflected from the flying mirror. The central frequency of the 
TBS light is a periodic function of the CEP, with the period of vr. The detection of the central 
frequency of the TBS light makes it possible to determine the CEP of a relativistic few-cycle 
pulse. We introduce a double-measurement process to determine the CEP in the range of 
TT. In principle, this method is also feasible for a weaker or longer pulses with relativistic 
intensity (/ > lO^'^W/cm^), while even thinner foil is needed to generate a uniform flying 
mirror. 
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FIG. 2. (Color online) (a) The electric field, (b) vector potential, (c) spatial and (d) temporal evolu- 
tion of normalized electron layer energy in the few cycle laser field with (p = [solid (black) curve] , 
7r/4 [dashed (red) curve] and 7r/2 [dotted (blue) curve] (dotted curve) obtained from analytical 
model. 
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FIG. 3. (Color online) (a) The normalized energy of electron layer 7 as functions of the initial 
CEP of the drive ultrashort pulse, when the electron layer reaches the location of the reflect foil 
Xy. The solid (black), dashed (red) and dotted (blue) curves correspond to Xr = A, 1.6A and 
2.5A, respectively, (b) The spectra of Thomson backscattering light with the CE phases of drive 
pulses </> = 0, 7r/4, 7r/2 and 37r/4 for Xr = A. (c) When Xr = A the central frequency of the TBS 
light as a function of the CEP obtained from the model [(black) solid curve], with the matched 
simulation results [(red) open cubes). The (blue) dotted curve represent the dependence of the 
detected central frequency on the CEP of the drive pulse when Xr = 2.5A. The electric fields of 
the incident and reflected drive pulse are compared in (d). 



